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We report measurements of the oxygen isotope effect (OIE) on the in-plane penetration depth
λab(0) in underdoped La2−xSrxCuO4 single crystals. A highly sensitive magnetic torque sensor
with a resolution of ∆τ ≃ 10−12 Nm was used for the magnetic measurements on microcrystals
with a mass of ≈ 10 µg. The OIE on λ−2
ab
(0) is found to be -10(2)% for x = 0.080 and -8(1)%
for x = 0.086. It arises mainly from the oxygen mass dependence of the in-plane effective mass
m∗ab. The present results suggest that lattice vibrations are important for the occurrence of high
temperature superconductivity.
PACS numbers: 74.25.Ha, 74.20.Mn, 82.20.Tr
Soon after the discovery of high temperature supercon-
ductivity [1] a large number of isotope effect experiments
were performed to investigate the pairing mechanism [2].
The very first 16O/18O isotope studies were carried out
on optimally doped samples and showed a negligible oxy-
gen isotope effect (OIE) [3]. A number of subsequent ex-
periments revealed a dependence of Tc on the oxygen iso-
tope massMO [4–6] and on the copper isotope massMCu
[7,8]. It was generally found that the isotope effects are
large in the underdoped region, but become small when
the doping increases towards the optimally-doped and
overdoped regimes [5,8]. A large OIE on the Meissner
fraction was observed in La2−xSrxCuO4 powder samples
and attributed to a strong oxygen mass dependence of the
effective mass m∗ of the superconducting charge carriers
[9]. However, these experiments were done on powder
samples and thus probed the average magnetic properties
of this highly anisotropic superconductor. For a quanti-
tative analysis isotope experiments on single crystals are
required.
Unfortunately, a complete oxygen isotope exchange by
diffusion is very difficult in single crystals with a large
volume, as shown by a study on Bi2Sr2CaCu2O8+δ crys-
tals with V ≈ 5 × 4 × 0.1 mm3 [10]. Indeed, our pre-
liminary investigations on La2−xSrxCuO4 single crystals
with V ≃ 1×1×0.3 mm3 showed that a complete isotope
exchange was not possible. In order to reach a complete
oxygen-isotope exchange, microcrystals with a volume of
only V ≈ 150× 150× 50 µm3 (mass ≈ 10 µg) were used
for the present study. In these tiny samples,having a
volume not very much larger than the grain size of poly-
crystalline samples, an almost complete oxygen isotope
exchange was achieved by diffusion, as shown below.
It is known that the transition temperature Tc and the
in-plane penetration depth λab of a cuprate supercon-
ductor can be determined from temperature- and field-
dependent measurements of the reversible magnetization
M using SQUID magnetometry [11]. Close to Tc the
magnetic momentm = VM of microcrystals with a mass
of ≈ 10 µg lies well below the resolution ∆m = 10−10
Am2 of commercial SQUID magnetometers. Therefore,
all magnetic measurements were carried out using a
highly sensitive torque magnetometer with a resolution
∆τ < 10−12 Nm [12]. The magnetic torque ~τ = ~m× ~Ba
is usually recorded as a function of the angle δ between
the field ~Ba and the c axis of the crystal [13,14]. How-
ever, when δ is fixed at a finite value, temperature- and
field-dependent torque measurements can be performed
a well. An appropriate angle to carry out these measure-
ments is δ = 45◦ for the following reasons: (i) ~m is still
pointing along the c axis due to the large anisotropy [15].
(ii) The magnetic torque τ = MBa sin(δ) is sufficiently
large to be measured for tiny magnetic moments in small
fields. (iii) The reversible regime in the (Ba, T ) phase
diagram is almost as large as for δ = 0◦ [16], and a ther-
modynamic analysis of the measurements is possible over
a wide temperature range. Thus, torque measurements
performed at fixed δ = 45◦ can be used to determine Tc
from the temperature-dependent magnetization M ∝ τ ,
and to extract λab from the field-dependent magnetiza-
tion M ∝ τ/Ba.
Four microcrystals were cut from single crystals with
Sr contents x = 0.080 (samples Ia and Ib) and x = 0.086
(samples IIa and IIb), grown by the traveling-solvent-
floating-zone method [17]. Underdoped samples were
chosen for this study because the OIE is expected to be
large in this doping regime [5]. For both sets of samples,
I (x = 0.080) and II (x = 0.086), the oxygen exchange
procedure was as follows: First, both samples a and b
were annealed in 16O in order to saturate the oxygen con-
tent. Then sample a was exchanged to 18O in an atmo-
sphere with 97% 18O while sample b was simultaneously
treated in 16O. Finally, sample a was back-exchanged to
16O while sample b was exchanged to 18O. All exchange
procedures were performed in 1 bar atmosphere at 950 ◦C
for 50 h. The samples were cooled to room temperature
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FIG. 1. Magnetic torque τ versus temperature, showing
the OIE on Tc for samples Ia and IIa. The reproducibility
of the exchange procedure, as checked by the back-exchange
(cross symbols), demonstrates a complete isotope exchange.
For clarity not all measured data points are shown.
with a cooling rate of 25 ◦C/h.
In order to measure the magnetic torque, the samples
were mounted on a miniaturized cantilever with piezore-
sistive readout and integrated calibration loop [12]. The
cantilever was placed between the poles of a conven-
tional NMR magnet with a maximal field Ba = 1.5
T. The sensor was used in the so-called torsion mode
[12], where major background effects arising from the
strong temperature and magnetic field dependence of the
piezoresistive paths are canceled out. In fact, the remain-
ing temperature-dependent background of the cantilever
was sufficiently small to perform temperature-dependent
magnetic torque measurements.
The superconducting transition was studied by cool-
ing the sample in a magnetic field Ba = 0.1 T ap-
plied at δ = 45◦. The torque signal was continuously
recorded upon cooling the crystal at a cooling rate of
0.01 K/s. In order to determine the background signal
of the cantilever, the measurement was repeated in zero
field and the data were subtracted from those of the field
cooled measurement. The magnetic torque versus tem-
perature obtained for the samples Ia and IIa is shown
in Fig. 1. Clearly, Tc is lower for the
18O exchanged
samples. We define Tc as the temperature where the
linearly extrapolated transition slope intersects the base
line (τ = 0 Nm). The relative changes in Tc are found to
be ∆Tc/Tc = [Tc(
18O) − Tc(
16O)]/Tc(
16O) = −5.5(4)%
for sample Ia and ∆Tc/Tc = −5.1(3)% for sample IIa.
The samples Ib and IIb showed no change in the super-
conducting transition after the second annealing in 16O,
which indicates a complete saturation of oxygen during
the first annealing procedure. The oxygen isotope shifts
of Tc are summarized in Table I. As expected they are
larger for the samples Ia and Ib with a smaller x [5,18].
As shown in Fig. 1, the magnetic signals of the back-
exchanged samples (cross symbols) coincide with those
of the 16O annealed samples (open circles). This result
implies that a complete back-exchange from the 18O to
16O isotope was achieved. This is only possible if af-
ter the back-exchange procedure the 16O enrichment in
the sample corresponds to the 16O concentration of the
gas, which is 100% (the contamination of the 16O at-
mosphere by the 18O isotope removed from the crystal
is less than 10ppm and thus negligible). For the same
reason, after exchanging 16O by 18O, the 18O concen-
tration of the sample should be the same as that of the
exchange atmosphere (i.e. 97% 18O). The fact that the
shift in Tc is parallel, with no broadening of the transi-
tion, also demonstrates an almost complete isotope ex-
change. The exponent αO of the OIE on Tc is defined by
Tc ∝M
αO
O . Taking into account a 97% exchange, we find
αO = −(∆Tc/Tc)/(∆MO/MO) = 0.47(2) for x = 0.080
and αO = 0.40(2) for x = 0.086, which is in good agree-
ment with the results obtained for powder samples with
similar doping [5,18].
The in-plane penetration depth λab(T ) was extracted
from field-dependent measurements carried out at differ-
ent temperatures with the field applied at δ = 45◦. At
this angle a reversible signal was observed over a large
field range down to 10 K, which allows the determination
of λab(T ) in a wide temperature range. The reversible
part of the torque signal, τ/Ba ∝ M , recorded on sam-
ple Ib (after the second annealing in 16O) at different
temperatures is shown as a function of Ba in Fig. 2. The
logarithmic field dependence, characteristic for a type II
superconductor, is clearly seen for small applied fields. In
this field regime the reversible torque is given by [13,19]
τ
Ba
=
αV Φ0
8π2µ0λ2ab(T )
(
1−
1
γ2
)
sin 2δ
ǫ(δ)
· ln
(
βξ2ab(T )ǫ(δ)
Φ0
Ba
)
. (1)
γ =
√
m∗c/m
∗
ab is the effective mass anisotropy , ξab(T ) is
the in-plane correlation length, and ǫ(δ) = (1/γ2 sin2 δ+
cos2 δ)1/2. The numerical factors α and β depend on
the specific model [13,19]. Equation (1) is valid only for
fields Ba < B
∗(T ), where the data points in Fig. 2 lie
on a straight line. As an example B∗(T = 20.5 K) is
indicated by an arrow. For Ba > B
∗(T ) the condition
Ba ≪ Φ0/[ξ
2
ab(T )ǫ(δ)] for Eq. (1) to be valid [15,19] is no
longer fulfilled.
For δ = 45◦ the dependence of τ/Ba in Eq. (1) on γ is
very weak for large γ values, since ǫ(45◦) ≃ cos(45◦).
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FIG. 2. Reversible part of the field-dependent torque
τ/Ba ∝M versus Ba for sample IIb (after the second anneal-
ing in 16O). The measurements were performed at different
temperatures at fixed δ = 45◦. λ−2
ab
(T ) is extracted from the
slope of the linear part of the data for Ba ≤ B
∗(T ) (solid
lines) by use of Eq. (1). For clarity some low temperature
measurements are not shown.
Nevertheless, in order to extract λab(T ) from field-
dependent measurements by use of Eq. (1), a determina-
tion of γ is favorable. Therefore, we performed angular-
dependent torque measurements close to Tc. Equa-
tion (1) can also be used to analyze angular-dependent
torque data, provided that the measurements are per-
formed at Ba ≤ B
∗(T ). In order to obtain a fully re-
versible signal over the whole angular regime in these
small fields, we applied an additional AC field perpendic-
ular to ~Ba in order to enhance the relaxation processes
[20]. From these measurements γ was determined for
each sample. The penetration depth λ−2ab (T ) was then
extracted from the slope of the linear part of the field-
dependent data (solid lines in Fig. 2), using Eq. (1) with
γ fixed.
Figure 3 displays λ−2ab (T ) for the samples Ia and IIa.
The temperature dependence is well described by the
TABLE I. Summary of the OIE results of the four
La2−xSrxCuO4 singl e crystals with x = 0.080 (samples Ia
and Ib) and x = 0.086 (samples IIa and IIb).
sample mass Tc (
16O) Tc (
18O) ∆Tc
Tc
αO
∆λ−2
ab
(0)
λ
−2
ab
(0)
[µg] [K] [K] [%] [%]
Ia 9.6 19.52(5) 18.45(5) -5.5(4) 0.45(3) -9(3)
Ib 12.1 19.68(5) 18.50(5) -6.0(4) 0.49(3) -11(3)
IIa 3.4 22.40(5) 21.26(5) -5.1(3) 0.42(3) -7(1)
IIb 3.8 22.11(5) 21.11(5) -4.5(3) 0.37(3) -10(1)
mean I -5.7(3) 0.47(2) -10(2)
mean II -4.8(2) 0.40(2) -8(1)
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FIG. 3. Normalized in-plane penetration depth
λ−2
ab
(T )/λ−2
ab
(0)(18O) for samples Ia and IIa. λ−2
ab
(0) is deter-
mined by extrapolating the data to T = 0 K, using the power
law λ−2
ab
(T ) = λ−2
ab
(0)(1− (T/Tc)
n) (solid lines). The data of
the back-exchanged sample demonstrate the reproducibility
of the exchange procedure.
power law λ−2ab (T ) = λ
−2
ab (0)(1 − (T/Tc)
n) with an ex-
ponent n ≈ 5. The fact that λab(T ) can be determined
down to T ≃ 0.5 · Tc justifies the extrapolation of λab(T )
to T = 0 K using this empirical power law. By normaliz-
ing the extracted λ−2ab (T ) values to the low temperature
values λ−2ab (0) obtained for the
18O exchanged samples,
any uncertainties in determining the sample volume V
are avoided. From Fig. 3 it is evident that not only
Tc but also λ
−2
ab (0) shifts upon replacing
16O by 18O.
The shifts are found to be ∆λ−2ab (0)/λ
−2
ab (0) = −9(3)%
and −7(1)% for the samples Ia (x = 0.080) and IIa
(x = 0.086), respectively. Again, the data obtained
on the back-exchanged samples (cross symbols) coincide
with the data recorded after the first 16O annealing. This
demonstrates the reproducibility of the exchange proce-
dure. A summary of the isotope effects obtained for all
four samples is given in Table I.
Since λ−2ab (0) ∝ ns/m
∗
ab, the oxygen isotope shift of the
penetration depth is due to a shift of ns or m
∗
ab
∆λ−2ab (0)/λ
−2
ab (0) = ∆ns/ns −∆m
∗
ab/m
∗
ab. (2)
There are several independent experiments [9,18,21] on
La2−xSrxCuO4 samples which have shown that the
change of ns during the exchange procedure is negligi-
ble. From the present study, further evidence that ns is
unchanged during the isotope exchange is given by the
complete reproducibility of the exchange procedure. It
3
is hardly possible that ns changes upon
18O substitu-
tion, but adopts again exactly the same value after the
back-exchange as in the 16O annealed sample. We thus
conclude, that any change in ns during the exchange pro-
cedure is negligible, and that the change of the in-plane
penetration depth is mainly due to the isotope effect on
the in-plane effective mass m∗ab.
The observed OIE on m∗ab gives strong evidence that
lattice effects play an important role in high-Tc supercon-
ductivity. A possible explanation for the strong depen-
dence of m∗ab on the oxygen isotope mass can be given by
a model of small bipolarons, where m∗ab ∝ mab exp(g
2)
(mab is the bare hole mass) [22]. Since the polaronic
enhancement factor g2 ∝ 1/ω depends on the charac-
teristical optical phonon frequency ω [22], a change of
the frequency leads to a change of m∗ab. The exponent
of the total (copper and oxygen) isotope effect on m∗ab,
βtot = βCu + βO, is then given by
βtot = −(∆m
∗
ab/m
∗
ab)/(∆Mr/Mr) = −0.5g
2. (3)
The effective reduced mass Mr is a complicated func-
tion of MO and MCu, depending on the symme-
try of the modes. From the experimentally observed
shifts in λ−2ab (0) we can determine the exponent βO =
−(∆m∗ab/m
∗
ab)/(∆MO/MO). Taking a mean value of
∆λ−2ab (0)/λ
−2
ab (0) ≃ −9% (see Table I) and using Eq. (2),
we find βO ≃ (∆λ
−2
ab (0)/λ
−2
ab (0))/(∆MO/MO) ≃ −0.7.
A universal relation between Tc and λ
−2
ab (0) was exper-
imentally found in the cuprates, showing Tc ∝ λ
−2
ab (0)
in the deeply underdoped regime [23]. If we consider a
slightly weaker dependence of Tc on λ
−2
ab (0) for the dop-
ing range investigated, we can assume Tc ∝ [λ
−2
ab (0)]
t
with t < 1. We thus find αO ≃ −tβO (with t ≃ 0.6 from
our experiment) and αCu ≃ −tβCu. Since αCu was found
to be similar to αO [7,8], it is plausible to assume that
βCu ≃ βO as well. We then find βtot ≃ 2βO ≃ −1.4, and
thus g2 ≃ 2.8 from Eq. (3). On the other hand, g2 can
also be determined from optical conductivity data, which
according to the small polaron model show a maximum
at Em = 2g
2h¯ω [22]. In La2−xSrxCuO4 this energy was
found to be Em = 0.44 eV for x = 0.06 and Em = 0.24
eV for x = 0.10 [24]. For our samples with x lying be-
tween these two values, we expect Em ≃ 0.34 eV. With
h¯ω ≃ 0.06 eV [18] we thus find g2 ≃ 2.8, in agreement
with the magnitude of g2 deduced from the OIE on m∗ab.
In summary we have studied the OIE on Tc and on
λ−2ab (0) in underdoped La2−xSrxCuO4 microcrystals us-
ing a highly sensitive torque magnetometer. The repro-
ducibility of the isotope exchange procedure, as checked
by back-exchange, gives evidence for a complete iso-
tope exchange in the single crystals. The isotope shift
in λ−2ab (0) is attributed to a shift in the in-plane effec-
tive mass m∗ab. For x = 0.080 and x = 0.086 we find
∆m∗ab/m
∗
ab = −10(2)% and −8(1)%, respectively. The
OIE on m∗ab gives strong evidence that lattice vibrations
play an important role in the occurrence of high temper-
ature superconductivity.
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